The Mg II index and sunspot area are usually used to represent the intensification contribution by solar bright structures to total solar irradiance (TSI) and sunspot darkening, respectively. In order to understand the cause of the solar cycle variation of TSI, we use extension of wavelet transform, wavelet coherence (WTC), and partial wavelet coherence (PWC), to revisit this issue. The WTC of TSI with sunspot area shows that the two time series are very coherent on timescales of one solar cycle, but the PWC of TSI with sunspot area, which can find the results of WTC after eliminating the effect of the Mg II index, indicates that the solar cycle variation of TSI is not related to sunspots on the solar surface. The coherence of two time series at these timescales should be due to a particular phase relation between sunspots and TSI. The WTC and PWC of TSI with Mg II index show that the solar cycle variation of TSI is highly related to Mg II index, which reflects the relation of TSI with the long-term part of Mg II index that shows the intensification contribution by the small magnetic features to TSI. Consequently, the solar cycle variation of TSI is dominated by the small magnetic features on the solar full disk. Additionally, we also show the combined effects of the sunspot darkening and the intensification contribution represented by Mg II index to TSI on timescales of a few days to several months and indicate that the faculae increase TSI and contribute to its variation at these timescales.
Introduction
The total solar irradiance (TSI) is the total solar electromagnetic energy flux over the whole spectrum which arrives at the top of the Earth's atmosphere at the mean Sun-Earth distance. Apart from its important role in helping us understand the Sun, TSI controls the total energy from the Sun into the Earth system, which drives almost every known physical and biological cycle in Earth system. The variation in TSI is one of the most key factors which affects the Earth's climate, and so it is also one of the important factors which affects the living environment of mankind. Thus, there are many studies on this topic [1] [2] [3] [4] [5] .
The TSI was first measured by radiometer on board satellites in October 1978, and space-based measurements have continued for more than 40 years. The satellite measurements near Earth show that the TSI varies at all of the timescales it is measured; that is, it varies from solar minimum to maximum, and from one cycle to the next [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . It is generally accepted that the variations of TSI on timescales of minutes to hours are mainly related to granulation, mesogranulation, and supergranulation [17] , and the variations in TSI on timescales of a few days to weeks are dominated by the evolution of magnetic features on the solar surface [12, 17, 18] . However, the variation of TSI on timescales of one solar cycle is still an open issue. The early studies indicated that the variations of TSI at these timescales are mainly due to the combination of the sunspots blocking and the intensification due to bright faculae, plages, and network elements [19] [20] [21] . But Li et al. [14] proposed that the solar cycle variation of TSI should be dominated by the network magnetic elements in quiet regions. Fröhlich [9] advised that the solar cycle variation of TSI is probably due to a change of the global temperature of the Sun modulated by the strength of activity but not modulated by the surface magnetism as the solar cycle modulation. Xiang and Kong [15] investigated the relation between TSI and magnetic fields and found that the weak magnetic activity seen on the solar full disk dominates the solar cycle variation of TSI. This result is the same as the finding in Li et al. [22] , in which the conclusion is based on the phase relations between TSI and Mg II core-to-wing ratio. Recently, Xu et al. [16] studied the phase relations between TSI and sunspot number and indicated that TSI and sunspot number are very coherent, which hints that the solar cycle variation of TSI should be dominated by the solar activity regions. It is well known that the Sun brightening increases TSI and the darkening decreases it, and TSI is a global parameter averaged over the solar disk. Just based on the discussion of the phase relations between TSI and sunspot number, the results are not convincing. Revisiting this topic is of significance and is needed.
On the other hand, there are several models which can reconstruct TSI, and the most successful model of reconstruction of TSI should be the SATIRE model, which assumes that the irradiance variations should be entirely caused by the evolution of the solar surface magnetic field on timescales of half a day to one Schwabe solar cycle [23] [24] [25] [26] [27] . The SATIRE model divided the solar surface features into four types: the quiet sun, sunspot umbrae, sunspot penumbrae, and faculae/network [24, 25] . Thus, according to the SATIRE model and the current theories, the darkening and brightening effect are the main reasons to cause the variations of TSI, although the variations are not completely caused by them. It is difficult to directly measure the sunspots blocking and the intensification due to bright faculae, plages, and network elements; the best way is to choose proxies which can describe the sunspots blocking or the intensification of bright faculae, plages, and network elements, such as sunspot number or areas, which can describe sunspot darkening, and facular areas, Ca II or Mg II indices, which can describe the intensification of solar bright structures [9, 11, [28] [29] [30] [31] . Moreover, it is known that the Mg II index can be separated into a short-term and long-term part. The short-term part indicates that the facular intensifies TSI, and the long-term part shows the intensification contribution by the small magnetic features to TSI [9, 12, 22] . Consequently, we use sunspot area and Mg II index and combine extension of wavelet transform to revisit the reason for the solar cycle variation of TSI.
The Reason for the Solar Cycle Variation of TSI
Three time series in our study are as follows. The first is New Active Cavity Radiometer Irradiance Monitoring (ACRIM) TSI. Currently, there are three TSI composites: Physikalisch Meteorologisches Observatorium Davos (PMOD) TSI [7, 28] , ACRIM TSI [32] [33] [34] , and Royal Meteorological Institute of Belgium (RMIB) TSI [35, 36] . We do not discuss the difference among the three TSI composites. According to the Total Irradiance Monitor (TIM) and a series of new radiometric laboratory observations, the most probable value of TSI representative of solar minimum is 1360.8±0.5 W m 2 , lower than the canonical value of 1365.4±1.3 W m 2 recommended a decade ago [13] . It looks like ACRIM TSI and RMIB TSI may be closer to the observation values than PMOD TSI, but RMIB TSI is not available online. Moreover, the new ACRIM TSI is recalibrated with updated sensor degradation and algorithm LAPS/TRF corrections for scattering, diffraction, and TSI scale, and the data during ACRIM gap is recalibrated as well [34] . Thus, only ACRIM TSI is used in this study. Figure 1 The second is daily sunspot area of the full Sun. Sunspot area is sometimes used to represent "the sunspots blocking" [11, 37] , which can be downloaded from NASA (https://solarscience.msfc.nasa.gov/greenwch.shtml). Figure 1 (middle panel) shows daily sunspot area in the same time interval.
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The third is Mg II core-to-wing ratio, called Mg II index in this study, which is a robust measure of chromospheric activity [38] [39] [40] . The core is formed in the upper chromosphere, where the temperature is about 7000K, but the broad wings are from the upper photosphere. The variability of the photosphere (wings) is quite small, while the chromospheric activity causes about 30% variations of the core. Because the core-to-wing ratio is not easily affected by the instruments, Mg II index which is used to represent "the intensification due to bright faculae, plages, and network elements" is very reliable [11, 37, 38] . The Mg II index composite can be downloaded from the website http://www .iup.uni-bremen.de/gome/gomemgii.html. Figure 1 (bottom panel) shows the Mg II index in the same time interval.
Method. The wavelet analysis is widely used to analyze
the nonstationary signals and the evolution in time of each periodic oscillation [41, 42] . Generally, the wavelet transform expands time series into time frequency space and thus is a powerful tool for analyzing localized intermittent oscillations in a time series [41] [42] [43] [44] [45] . In astronomic studies, we often hope to examine two series together which should be linked in some way, which are suggestive of causality between two time series. The extension of wavelet transform, wavelet coherence (WTC), is widely used to find significant coherence between two time series even though the common power is low, and the results from WTC can be thought of the local correlation between two time series in time-frequency space; thus WTC is a powerful method for testing proposed linkages between two time series [16, 42, 46] and is also particularly useful for investigating the relation of TSI with sunspot area and Mg II index in this study. The WTC of two time series , = 1, . . . , and , = 1, . . . , is defined as [42, 46] :
where ( ) is the wavelet transform of time series , and it is represented as
. There, and Ψ 0 indicate the uniform time step and wavelet basis selected in the wavelet transform, respectively; accordingly, indicates the variational scale of wavelet when the wavelet is stretched in time. Moreover, the Morlet wavelet,
, is selected in this study, where 0 is dimensionless frequency ( 0 = 6), and is dimensionless time. Similarly, ( ) shown in function (1) is the wavelet transform of time series .
( ) displays the crosswavelet transform of two time series and , and it can be defined as = * , where * denotes complex conjugation. Finally, displayed in function (1) is a smoothing operator. It looks like the definition of the WTC closely resembles a tradition correlation coefficient. The smoothing operator S can be written as the function
where denotes smoothing along the wavelet scale axis, and denotes smoothing in time. The Morlet wavelet is used in this study, and so a suitable smoothing operator is given as the following functions [42, 46] :
where 1 & 2 are normalization constants and ∏ is the rectangle function. For the Morlet wavelet, the factor 0.6 in function (4) is the empirically determined scale decorrelation length [41, 42, 46] . In practice, both convolutions are done discretely; therefore the normalization coefficients are determined numerically. Finally, the Monte Carlo method is used to assess the statistical significance level of the WTC against red noise backgrounds [42, 46] . Consequently, the WTC is a tool for identifying possible relationships and revealing intermittent correlations between two time series. The WTC can be used to find significant coherence regions and analyze the relations of TSI with sunspot area and Mg II index on timescales of a few days to one Schwabe solar cycle. But there are some shortages, since the WTC is based on a bivariate analysis. For instance, when we study the relation of TSI with sunspot area, the "stand-alone" relationship between TSI and sunspot area should be studied after eliminating the effect of Mg II index; hence we need a trivariate algorithm to validate the results of WTC analysis after eliminating the effect of Mg II index.
In probability theory and statistics, the partial correlation can be used to estimate the degree of association between two random variables, with the effect of a set of controlling random variables removed. Partial wavelet coherence (PWC) is a technique similar to partial correlation that is utilized to find the results of WTC between two time series and 1 after eliminating the effect of the time series 2 [47, 48] . The PWC squared of two time series and 1 (after eliminating the effect of the time series 2 ) can be defined as the following function [47, 49] :
which is similar to the simple WTC, ranging from 0 to 1. In practice, the WTC analysis of time series and 1 shows a high squared at particular time-frequency space but where a low 2 ( , 1 , 2 ) was found; we still can imply that the time series 1 does not have a significant effect on the time series at that particular time-frequency space. If the WTC of time series and 1 and the WTC of time series and 2 display the same significant bands at particular timefrequency space where both 2 ( , 1 , 2 ) and 2 ( , 2 , 1 ) also have the same significant bands, both 1 and 2 have a significant influence on at that particular time-frequency space. Additionally, the statistical significance level of the PWC is estimated by using Monte Carlo method [47] . In this study, the WTC (codes provided by Grinsted et al. [42] ) is used to investigate the relation of ACRIM TSI with sunspot area and Mg II index, respectively. Then we use the PWC (codes provided by Ng and Chan [47] ) to find the results of the WTC analysis and to try to revisit the reason that causes the solar cycle variation of TSI.
Data Analysis.
TSI, sunspot area, and Mg II index are systematically observed, but some days do not have observations. In order to use the WTC and PWC to analyze the relation of TSI with sunspot area and Mg II index, the cubic spline interpolation is used to interpolate the values when these days do not have observation records in three time series. The WTC spectrum of TSI and sunspot area is shown in Figure 2 , which can be thought of the local correlations between TSI and sunspot area. The PWC spectrum of TSI and sunspot area is shown in Figure 3 , which can find the results of WTC between TSI and sunspot area (after eliminating the effect of Mg II index). In high frequency band, many small intermittent common power regions of above 95%
confidence level are shown on timescales of a few days to one solar rotation cycle in Figure 2 . Moreover, there are large continuous common power regions of above 95% confidence level on timescales of one solar rotation cycle to one year in this figure, where the arrows almost point to left or left and above. In Figure 3 , it can be found that many intermittent common power regions and large continuous region of above the 95% confidence level are also shown on timescales of a few days to several months from 1978 November to 2011 April. Combining Figures 2 and 3 , we can infer that the variations of TSI should be related to sunspot area on timescales of a few days to several months. The relative phase relation shown as arrows indicates that the sunspots decrease TSI. Though this result coincides with earlier papers [12, 17, 18, 50] , at least we use other methods to directly confirm the previous results.
We also compare TSI and sunspot area in two discretional years (1993 and 2003) , and the results are shown in Figure 4 , which indicate that the variations of TSI are sometimes not caused by sunspot area at short timescales. In low frequency band, a continuous power region of above 95% confidence level is shown in Figure 2 on timescales of one Schwabe solar cycle. However, the PWC shows that the power is very low at these timescales, and there is no region of above 95% confidence level in Figure 3 . Combining the WTC and PWC, we can infer that the solar cycle variation of TSI should not be related to sunspot area. Using the same methods, we analyze the relation of TSI with Mg II index. The WTC and PWC spectra of TSI and Mg II index are shown in Figures 5 and 6 , respectively. In high frequency band, the WTC spectrum of TSI and Mg II index ( Figure 5) shows there are many intermittent small regions of above 95% confidence level on timescales of a few days to several months. Figure 6 is utilized to find the results of the WTC between the TSI and Mg II index (after eliminating the effect of sunspot area). It can be found that many intermittent small regions of above 95% confidence level are also shown on timescales of a few days to several months. Combining Figures 5 and 6 , it is inferred that the variations of TSI should be related to Mg II index on timescales of a few days to several months. That is to say, the intensification of solar bright structures, which is represented by Mg II index, increases TSI and contributes to its variation at these timescales. This result is the same as earlier papers as well [12, 17, 18, 51] . In low frequency band, a continuous common power region of above 95% confidence level is shown in Figure 5 on timescales of one Schwabe solar cycle. Moreover, the PWC spectrum of TSI and Mg II index ( Figure 6 ) also shows there is a common significant region of above 95% confidence level at these timescales. Combining the WTC and PWC, we infer that the solar cycle variation of TSI is probably highly related to Mg II index.
Conclusions and Discussion
In order to revisit the controversial topic in recent literatures: what causes the solar cycle variation of TSI? The WTC and PWC are used to study this topic. Used in this study are daily TSI, daily sunspot area, and daily Mg II index from 1978 November 17 to 2011 April 29. Figures 2 and 3 show that the sunspots decrease TSI on timescales of a few days to several months. Spruit [52] indicated that the solar convective envelope likes a "thermal superconductor" with a huge thermal inertia, and the same thermal inertia makes possible the irradiance fluctuations due to "superficial" photospheric magnetic structures. Subsequently, a series of studies also indicated that solar irradiance is modulated by photospheric magnetic activity, and the influence of magnetic activity on the solar irradiance varies strongly with the size of the magnetic feature [4, 12, 53] . When sunspots (strong magnetic structures) pass across the visible disk, these strong magnetic structures darken the solar surface and block the energy transportation from the solar interior toward the solar surface, reducing TSI as thermal "plugs [12, 54] , since the kilogauss-strength magnetic filed in sunspots is strong enough to largely quench overturning convection [4, 55] . Many papers and our study thus find that the sunspots (strong solar magnetic structures) decrease TSI on timescales of a few days to several months. On the other hand, Figures 5 and 6 indicate that the intensification of solar bright structures, which is represented by Mg II index, increases TSI and contributes to its variation on timescales of a few days to several months. It is known that the Mg II index can be separated into a short-term and long-term part, and the short-term part shows the main intensification contribution of faculae to TSI [9, 12] . Thus, the relation of TSI with Mg II index on timescales of a few days to several months should mainly reflect that of TSI with the short-term part of Mg II index and indicates that the faculae increase TSI and contribute to its variation at short timescales. The combined effects of the sunspots darkening and the intensification of faculae (the short-term part of the Mg II index) to TSI on timescales of one year have been discussed by Li et al. [22] The results of the WTC and PWC of TSI with the sunspot area shown in Figures 2 and 3 indicate that the solar cycle variation of TSI is not probably related to the sunspots blocking, which is represented by sunspot area. Xu et al. [16] pointed out that TSI is positively correlated with sunspot numbers, the former lags behind the latter by about a solar rotation period, and TSI and sunspot numbers are very coherent on timescales of one Schwabe solar cycle. This hints that the solar cycle variation of TSI should be related to the sunspots (strong magnetic structures) on the solar surface. Li et al. [56] also found that TSI lags behind sunspot activity by about one month. However, the coherence of TSI and sunspot activity on timescales of one solar cycle displayed in Xu et al. [16] , which is also shown in Figure 2 , should be due to a particular phase relation between sunspots and TSI, but the phase relation of two time series does not indicate that the solar cycle variation of TSI is related to sunspot activity, since the cross-correlation analysis and WTC are based on a bivariate analysis, while the variations of TSI show complicated relations with the solar magnetic activity, and different sizes of the magnetic feature affect TSI in different ways. The results of PWC analysis (Figure 3 ), which is a trivariate algorithm and can find the results of the WTC between TSI and sunspot area (after eliminating the effect of the Mg II index), give evidence that the solar cycle variation of TSI is not related to sunspots on the solar surface.
The results of the WTC and PWC of TSI with Mg II index shown in Figures 5 and 6 display that the solar cycle variation of TSI is probably highly related to the intensification contribution, which is represented by Mg II index. Li et al. [22] show that the relation of TSI with Mg II index on timescales of one solar cycle should basically reflect that of the long-term part of Mg II index with TSI; thus the relation of TSI with Mg II index shown in low frequency band of Figures 5 and 6 should mainly reflect that of TSI with the long-term part of Mg II index on timescales of one solar cycle. Moreover, the long-term part of the Mg II index shows the small magnetic features contribution to the intensification of TSI [9, 12] . Consequently, our finding validates that the solar cycle variation of TSI is dominated by the small magnetic features on the solar full disk, which somewhat coincides with early studies [12, 14, 15] . It is known that the small-scale magnetic elements, which populate (and form) the faculae in active regions and quiet Sun network/internetwork [57] [58] [59] , are bright and raise the energy transportation from the solar interior toward the solar surface, since the darkness is overcome by the lateral heating in the small-scale magnetic concentrations [4, 53, [60] [61] [62] . Furthermore, the small magnetic features, which correspond to the faculae in active regions and quiet Sun network/internetwork, present solar cycle variation; thus the intensification contribution of small magnetic features on the full solar disk also displays solar cycle variation and dominates the solar cycle variation of TSI.
In general, the solar magnetic field is distributed over the full solar disk, and the magnetic activity of different sizes and strengths affects TSI in different ways, though the variations of TSI are presently believed to be caused by solar magnetic activity. Relationships among darkening, brightening, and TSI should be very complicated. Moreover, the bright elements on the Sun include mixed network, unipolar network, ephemeral active regions, and polar faculae. The Mg II index used in this study can describe the intensification of solar bright structures, but it is unable to distinguish between these contributions. Consequently, other data, such as faculae and magnetic flux of quiet regions, can be used to further investigate this topic, and it will be the next study focus.
Data Availability
The daily ACRIM TSI can be downloaded from the website http://www.acrim.com/Data%20Products.htm. The daily sunspot area of the full Sun can be found at https://solarscience.msfc.nasa.gov/greenwch.shtml. The Mg II index can be downloaded from the website http://www.iup .uni-bremen.de/gome/gomemgii.html.
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